This paper presents the modeling and dynamic parameter identification of the 6-DoF SCHUNK Powerball LWA 4P robotic arm. Precise positioning, zero backlash and compact design of the joints which integrate two perpendicular axes, make this robot ideal for service robotics applications and human-robot interaction. Due to the significant effect of the lubricant temperature on the behavior of viscous friction in the harmonic drives, a systematic procedure is developed to overcome this problem. A series of experiments have been conducted to model the friction at each joint, then the procedure of identification has been applied based on an inverse dynamic model and linear least-square techniques. Finally, a verification trajectory is executed by the robot to validate the estimated parameters of the system.
I. INTRODUCTION
The dynamic model of the robot is essential for implementation of advanced model-based control algorithms. The performance of most of these techniques is significantly dependent on the accuracy of the dynamic model to maintain high levels of precision and reliability. On the other hand, small tracking errors along with high-speed motion cannot be achieved using the traditional independent joint controller based on PID controllers. Moreover, implementation of impedance control methods, which is essential during humanrobot interaction, are not feasible without having robot dynamic model. Therefore, the accuracy of dynamic parameters of the robot plays an important role in the dexterous manipulation and robot interaction with the environment and humans.
Normally the dynamic models of industrial robots are not available; therefore, an identification procedures should be utilized to identify unknown model parameters. Moreover, direct measurement of these parameters is not feasible always and can cause damages to the system, because this procedure requires dismantling the robot parts and measuring inertial parameters link by link. Another problem with this approach is that some of nonlinear inherent properties at the robot joints such as friction and compliance cannot be measured directly; therefore, a systematic procedure should be used.
The SCHUNK Powerball LWA ( Fig. 1 ) is a lightweight 6-DoF robotic arm consisting of three major compact joints named ERB modules that integrate two perpendicular axes along with their overall electrical control circuits. Precise positioning of the robot actuators, which is afforded by using zero backlash harmonic drives, makes this manipulator ideal for high precision robotic tasks. In addition, the lightweight and compact design of the robot provide the capability of using it in Human-Robot Interaction (HRI) applications.
Figure 1. SCHUNK POWERBALL LWA 4P
Unfortunately, to our knowledge, there is no publication on the identification of the Powerball dynamic model and the manufacturer does not provide any information about it. The purpose of this paper is to present our results for estimating a dynamic model for the Powerball. We believe that it will be valuable for the future studies using this manipulator.
Dynamic parameter identification of robotic manipulators has been widely analyzed. Several methods based on the linearity property of the manipulator dynamic model are proposed [1] [2] . In most of these methods, Least Square techniques are utilized to estimate dynamic parameters. Symbolical or numerical ways can be used to reduce and simplify the linear dynamic model and to ensure that the regressor matrix has a full rank [3] . Successful results of implementing this technique on several lightweight industrial manipulators, i.e. Mitsubishi PA-10 [4] or KUKA LWR [5] [6] , assert the efficiency of this method. In the identification procedure, exciting trajectory has a significant effect on the convergence and accuracy of the identified parameters, thus exciting trajectory should be optimized to prevent inaccurate estimation [7] . For the purpose of exciting trajectory design, several criterion have been proposed in the literature.
In this paper, the dynamic parameter identification of Powerball robotic arm has been performed using the linear dynamic model and the Least Squares estimation. For this purpose, both kinematic and inverse dynamic models of the robot are derived and then transformed into a simplified linear inverse dynamic model that is developed based on kinematic parameters of the robot. A systematic procedure has been proposed to minimize the effect of lubricant temperature in the friction model of harmonic drives, which results in time varying behavior of viscous friction in the robot joints. Friction model at each joint is developed utilizing a continuously differentiable friction model. Finally, the full set of dynamic parameters has been identified through experiments and the accuracy of the identified model is verified through a trajectory that covers most of the robot workspace. This paper is organized as follows. Section II presents the kinematic, dynamic and nonlinear friction models for the Powerball manipulator. In section III, after providing a brief summary of the experimental setup, the procedure of designing exciting trajectory is presented. Finally, results of the model identification and verification are reported.
II. MODELING

A. Kinematic Model
The SCHUNK Powerball LWA 4P is an anthropomorphic robotic arm with a spherical wrist. Figure 2 illustrates the schematic representation of the kinematic chain of the robot considering vertical mounting. The frame assignment of the entire structure has been done using the well-known DenavitHartenberg (D-H) method. The standard D-H parameters for the robot structure are specified in Tab. 1. The transformation matrix from Frame to Frame − 1 can be calculated by
where the notations and denote cosine and sinus, respectively.
Therefore, the transformation describing the pose of the last frame with respect to frame 0 can be computed by
where p is the position and n , s , a are the unit vectors of the last frame with respect to the base frame.
B. Dynamic Model
The equations of motion can be obtained utilizing the Lagrange formulation that is shown in Eqn. 3. In this equation Lagrangian of the system is defined by the robot kinetic energy minus its potential energy (Eqn. 4), 
where q and ̇ denote vectors of joint positions and velocities, respectively, and is the vector of joint torques. An important property of the robot manipulators, which is useful for the identification procedure, is linearity of the dynamic model with respect to the dynamic parameters [8] . By defining the augmented link as a combination of both link and rotor ( + 1), kinetic and potential energies of the augmented link can be expressed in a linear form with respect to the dynamic parameters as shown in Eqn. 5 and 6,
where, ] into the following form:
̂: inertia tensor of augmented link relative to its center of mass when expressed in the frame ,
Using the above definition of kinetic and potential energies, the Lagrangian of the system can be rewritten in a linear form with respect to the (11 × 1) vector of the dynamic parameters, , including the mass ( ), three components of the first-order momentum ( ), six components of the symmetric inertia matrix of the augmented link (̂) and moment of inertia of the rotor ( ),
where is a (11 × 1) vector and is a function of the joint position , while is a (11 × 1) vector depending on the joint position and its angular velocity ̇ . Taking derivative of the above Lagranigan does not affect its linearity with respect to defined dynamic parameters. Therefore, the equations of motion can be expressed in a linear form. They can be rewritten as, = (q q̇ q̈) (11) where is a (6 × 66) upper triangular matrix called "regressor" depending only on the robot kinematic parameters, and is a (66 × 1) vector of all dynamic parameters of the robotic manipulator ( = [ 1 2 … 6 ] ).
One of characteristics of Eqn. 11 is that in most cases not all the dynamic parameters affect the joint torques and this would result in rank deficient regressor. Thus, the dynamic parameters can be divided into three different groups [9] [10]:
1) Unidentifiable parameters that correspond to zero column of the regressor. 2) Absolutely identifiable parameters which are related to linearly independent columns of the regressor 3) Identifiable parameters in linear combination with other parameters which correspond to linearly dependent columns of the regressor. Therefore, the size of can be reduced by eliminating unidentifiable parameters and combining linearly dependent identifiable parameters. The minimum set of parameters that are required for dynamic model is known as the base parameters. The length of base parameters is equal to the rank of regressor. Therefore, the vector of dynamic parameters and the regressor in Eqn. 11 can be replaced by the base paramteres and reduced regressor, respectively.
Calculating the base parameters and reducing the regressor can be performed both analytically and numerically using QR decomposition and Singular Values Decomposition (SVD), respectively. Due to more precision, the SVD method has been utilized to reconstruct the base parameters and the corresponding regressor in this research.
More simplification of the base parameters is possible using the physical properties of the links and joints provided by the SCHUNK. By considering the mass distribution information and specific symmetries of the robot elements, the following parameters can be eliminated from the base parameters and its corresponding column of the regressor,
Considering simplified dynamic parameters of the augmented links and corresponding regressor, the SVD method has been used to extract the final base parameters for the Powerball and the result is given by, = [ 2 ℓ 2 2 ℓ 2̂2 3 ℓ 3 3 ℓ 3 ̂3 
Elements of the final base parameters show 29 dynamic parameters that are required to be identified for dynamic model of the Powerball. Subscript denotes the regrouped parameters which are listed in Tab. 3. After identifying the base parameters, the Lagrangian of the system presented in Eqn. 9 can be calculated in terms of joint angles and velocities, and the equations of motion for the system can be rewritten in the following usual form, (q)̈+ (q ̇)̇+ g(q) + = (14) where (q) denotes (6 × 6) symmetric positive definite matrix of robot inertia, (q ̇) is the (6 × 6) matrix of Coriolis and centrifugal effects, g(q) is the (6 × 1) gravity vector, represents the (6 × 1) motor torque vector, and is the vector of friction torque that is discussed in the next section.
C. Friction Model
Precise positioning, zero backlash and compact size of the harmonic drives make them ideal for manipulator joints; however, one of their major drawbacks is their high levels of friction. The major part of this friction caused by their flexspline.
For modeling friction a wide range of models has been proposed in the literature and most of them have been reviewed by Armstrong-H´elouvry et al. [11] and Olsson et al. [12] . Although in reality the behavior of friction in the robot joint is complicated, some studies utilized the following simple model of friction which is a combination of viscous and Coulomb frictions for the robot joints, = (̇) +̇ (15) where and represent the Coulomb and viscous friction coefficients of joint , respectively. By assuming friction torque as a linear function of joint position and velocity, i.e. given model in Eqn. 15, the friction coefficients can be considered as the base parameters; however, as it is observed for Powerball, this assumption cannot be verified by experimental data and results in considerable errors in the value of identified parameters.
In order to analyze the friction model, a large number of experiments have been conducted for each of the six joints. For this purpose the "velocity control mode" of the ERB modules has been used, because this mode of operation has the ability of accurate velocity tracking even at very low velocities. In this procedure, for each joint the manipulator was mounted in such configuration that the gravity has no effect on the joint torque. These configurations are achievable by mounting the robot base vertically or horizontally such that the joint axis lies along the gravity acceleration vector.
During the conducting experiments, dependency of the friction model to the time of experiment reveals that temperature has an important effect on the model of friction in Powerball joints. In fact, over the course of the experiments, the temperature of harmonic drive increased and results in change of lubricant state. In most of the studies the temperature is considered to be constant and the effect of temperature on the modeling of friction is ignored; however, in Powerball this assumption leads to significant degradation of the accuracy of the identified parameters.
In order to show the effect of temperature on the friction model, a sinusoidal trajectory is executed to the 4 th joint of the robot periodically. The magnitude of the trajectory were chosen in such a way that the resultant motion avoids joint limits. Time and motor torque are recorded during the maneuver. For each cycle, the mean torque value of trajectory tracking during a complete period has been calculated. The experimental data points and exponential fitted model are illustrated in Fig. 3 .
Figure 3. Change of friction over time
As it is shown in Fig. 3 , for a periodic motion the value of mean torque decreases over time exponentially. This change is consistent with the lubricant character that the viscosity decreases over temperature increase and has been introduced in the studies of tribology [13] . Moreover, a difference of about ten percent between maximum and minimum values of mean torques in Fig. 3 demonstrates the importance of the temperature effect on the modeling of friction.
In order to minimize the effect of temperature on the friction torque of the robot joints, a systematic procedure named "warm-up" has been developed. The warm-up process is used after powering the robot on and through this procedure each joint of the robot starts to move harmonically until the rate of change in mean torque of the consecutive cycles reaches a specific small value.
For mathematical modeling of friction at the robot joints, data for different velocities between 0.01 rad/s to 0.55 rad/s have been gathered from the robot controller interface. For each velocity, the mean value of the recorded joint torques has been calculated and used for mathematical fitting procedure. To check existence of Stribeck effect, for the velocities within the range of 0.01 to 0.2 rad/s the experimental data has been collected at 11 sampling points, while for the higher velocities within 0.2 to 0.55 rad/s only 7 sampling points are gathered. A same experiment is repeated for negative velocities as well to construct the friction curve. To eliminate the effect of gravity effect on the friction torques, data gathering for joints 1, 4, 5, and 6 have been performed in a vertical mounting of the robot base, while for joints 2 and 3 the robot base was mounted horizontally.
From the gathered data, the velocity dependent characteristic of friction was observed and all the robot joints have had the following characteristics:
 The Stribeck effect was not observed  Viscous friction behaved linearly proportional to velocity at low velocities and its coefficient decreased at high velocities Because discontinuous and piecewise continuous friction models are not suitable for implementation of a high performance continuous controller, a continuously differentiable friction model as the combination of hyperbolic terms has been used to model friction at each joint. The original hyperbolic friction model proposed by Makkar et al. [14] , consists of six parameters to capture the Stribeck and velocity dependent frictional characteristics. But since the Stribeck effect was not observed in the Powerball joints, the hyperbolic model is modified to the following five parameter model, = 1 tanh( 2̇) + 3 tanh( 4̇) + 5̇ (16) where = 1 . . 5 are the model parameters. Experimental data along with the fitted models are illustrated in Fig. 4 to 6 . Nonlinear Least Squares techniques are utilized to fit overdetermined data set to the proposed model. Estimated values of the five design variables of friction models are listed in Tab. 2. 
III. EXPERIMENTAL RESULTS
A. Experimental Setup
The experimental setup consisted of the SCHUNK Powerball LWA 4P, a 24v DC power supply and a PC running GNU/Linux operation system. The Powerball communication protocol is based on CANopen (CiA DS402 standard protocol) and only one CAN bus interface is enough for controlling all the axes. In this setup, a high-speed USB to CANopen adaptor has been used to establish communication between the operation system and ERB modules.
In order to communicate with CANopen servo drivers embedded at each joint and control the motion of robotic arm, a C++ library has been developed. Currently, the library provides an Application Programming Interface (API) including the necessary functions to control the robot joints in current, velocity and interpolated position modes. The controller runs at a sampling rate of 200 Hz. During each sampling interval the PC receives the axes states including measured motor position, velocity and current, and also provides each servo controller with the reference set point. In addition, motor positions are measured by shaft incremental encoders mounted on the motor sides and electro-magnetic brakes are used for inactivating robot links.
B. Exciting Trajectory
The numerical efficiency of identifying the dynamic parameters can be improved by a well-designed trajectory that excites the dynamical properties of the robot links during motion. In order to achieve such trajectory, a multi-objective optimization problem should be solved. The criteria of the optimization problem is minimizing the condition number and maximizing minimum singular value of the regressor matrix along the trajectory. Therefore, a small sensitivity to the measurement noise and model uncertainties will be guaranteed during estimation of the dynamic parameters using Least Square techniques. For this purpose, the nonlinear optimization criteria can be expressed as, (q q̇ q̈)
. { |q| < q Lim |q̇| < q̇L im |q̈| < q̈L im ℎ (q q̇ q̈) = 1 cond( ) + 2 1 ( )
where cond( ) and ( ) represent the condition number and smallest singular value of the regressor matrix, respectively; hence 1 and 2 denote their weighting coefficients. The position, velocity and acceleration constraints are provided by the manufacturer and prevent the joints reach their limit and protect them from overload. The finite Fourier series has been chosen as the base function for approximating optimal exciting trajectory. Using the finite Fourier series improves the computational robustness and reliability by providing smooth velocity and acceleration profiles. Thus, the angular position, velocity and acceleration for the joints are given by,
where denotes the fundamental frequency of Fourier serious.
and are the amplitudes of harmonics which are the design variables of the optimization problem given in Eqn. 17. Figure 8 shows the designed exciting trajectories for a fundamental frequency of = 2 /10 and = 4. During the experiment, the joint angles were measured by means of motor shaft encoders with a resolution of 0.001 degree. Motor torques have been computed by converting motor currents into the torque values using provided torque constants by manufacturer. A decimation filter has been applied on the measured torques, while accelerations of the joints are numerically estimated off-line from the measured velocities and utilizing a Butterworth bandpass filter. Computed values of dynamic parameters for the Powerball are listed in Tab. 3. 
D. Experimental Verification
Validity of the extracted dynamic parameters for the Powerball are verified by executing a second sinusoidal trajectory covering most of the robot work space. For this trajectory, the joint torques are estimated by substituting the recorded experimental data including joint positions, velocities and accelerations into the robot inverse dynamics model (Eqn. 11). Estimated joint torques are compared to measured torque values and the errors between them are calculated during the robot maneuver. Figure 8 shows the measured and reconstructed motor torques for all the six axes using identified base parameters. Small estimation errors demonstrate the accuracy of the estimated dynamic parameters for the Powerball robotic arm. 
IV. CONCLUSION
In this paper, modeling and identification of the SCHUNK Powerball robotic arm was performed. The dynamic parameters of the robot have been reconstructed into a simplified identifiable form. The friction behavior of the joints has been investigated experimentally and based on the results a nonlinear model was proposed for estimating friction at each joint. An optimal exciting trajectory was designed in order to perform identification process. The Powerball dynamic parameters have been estimated utilizing Least Square techniques. The correctness of the identified dynamic model was validated by reconstructing torques using the identified model along a verification trajectory and comparing them to measured torques.
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